Eggs over easy: cell death in the Drosophila ovary  by McCall, Kimberly
www.elsevier.com/locate/ydbioDevelopmental BiologReview
Eggs over easy: cell death in the Drosophila ovary
Kimberly McCall*
Department of Biology, Boston University, Boston, MA 02215, United States
Received for publication 16 March 2004, revised 7 July 2004, accepted 21 July 2004
Available online 20 August 2004Abstract
Programmed cell death is the most common fate of female germ cells in Drosophila and many animals. In Drosophila, oocytes form in
individual egg chambers that are supported by germline nurse cells and surrounded by somatic follicle cells. As oogenesis proceeds, 15 nurse
cells die for every oocyte that is produced. In addition to this developmentally regulated cell death, groups of germ cells or entire egg
chambers may be induced to undergo apoptosis in response to starvation or other insults. Recent findings suggest that these different types of
cell death involve distinct genetic pathways. This review focuses on progress towards elucidating the molecular mechanisms acting during
programmed cell death in Drosophila oogenesis.
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Ovarian cell death has been studied for over a century. It
was first documented in detail by Flemming (1885) from
observations of rabbit follicular atresia. Flemming noted the
compacted chromatin in dying granulosa cells and called the
cells bchromolytic,Q describing what much later would be
defined as apoptosis (Kerr et al., 1972). Beginning in
the1800s, insect ovaries were studied extensively, and the
origins and functions of the nurse cells, follicle cells, and
oocytes were described (reviewed in Bu¨ning, 1984). By
1935, Snodgrass described the death of nurse cells for
several insect species, b. . .nurse cells are exhausted and
reduced to mere remnants in a state of degenerationQ
(Snodgrass, 1935). Ultrastructural analysis of degenerating
cells in the Drosophila ovary was reported in the 1950s
(Okada and Waddington, 1959; Waddington and Okada,
1960). These authors described the cell death of both nurse
cells and follicle cells, noting the structured cytoplasm and
appearance of vacuoles in the dying cells. It is now clear0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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in response to both developmental and environmental
stimuli and at distinct stages during oogenesis. In this
review, I summarize the molecular genetics of cell death,
discuss progress towards understanding the molecular basis
for programmed cell death in the Drosophila ovary, and
provide a comparison with germline cell death observed in
other species.Genetic control of cell death
Genetic control of programmed cell death was first
revealed by Ellis and Horvitz (1986) in the nematode
Caenorhabditis elegans. The worm core cell death pathway
components, Egl-1, Ced-9, Ced-3, and Ced-4, have all been
found to have mammalian homologs, demonstrating the
evolutionary conservation of the cell death mechanism
(Figs. 1A, B; reviewed in Danial and Korsmeyer, 2004). C.
elegans Egl-1 and Ced-9 are members of the Bcl-2 family of
pro- and antiapoptotic regulators, and Ced-3 is a member of
the caspase family, a group of cysteine proteases. Ced-4 is
an adaptor molecule that facilitates caspase activation in
response to upstream signaling pathways.y 274 (2004) 3–14
Fig. 1. Models of apoptosis in (A) C. elegans, (B) mammals, and (C) Drosophila. In all three species, apoptotic proteins localize to mitochondria (yellow), but
cytochrome c is involved in apoptosis only in mammals and possibly in Drosophila. Mammals and Drosophila use initiator and effector caspases, but a single
caspase Ced-3 carries out these functions in C. elegans. Mammalian and Drosophila caspases are inhibited by IAPs, and IAPs are inactivated by IAP-binding
proteins (red pentagons). See text for further details.
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than it is in worms (Fig. 1B). Mammals have more Bcl-2
and caspase genes, and mammalian apoptosis can be
activated by intrinsic or extrinsic signaling pathways
(reviewed in Danial and Korsmeyer, 2004). Intrinsic signals
ultimately affect the localization and/or organization of
proapoptotic Bcl-2 family proteins, resulting in the release
of cytochrome c and other proteins from mitochondria (Fig.
1B). Cytosolic cytochrome c binds Apaf-1, the ortholog of
worm Ced-4, which then recruits caspase-9, forming an
active holoenzyme called the apoptosome. Caspase-9,
which functions as an upstream or initiator caspase, cleaves
and activates downstream effector caspases, which in turn
cleave cellular proteins, destroying the cell. The extrinsic
pathway is activated by extracellular ligands which activate
death receptors, such as TNF-R and Fas. The activated
receptors recruit the initiator caspase-8, which can then
directly activate downstream effector caspases, or trigger
the intrinsic pathway via cleavage of Bid, a proapoptotic
Bcl-2 family member. Programmed cell death in C. elegans
differs from mammals in several ways: worms appear to
lack the extrinsic cell death pathway, do not exhibit
cytochrome c release, and typically use the single Ced-3
caspase rather than the multiple initiator and effector
caspases found in mammals (reviewed in Abraham and
Shaham, 2004).
With the publication 10 years ago of the first
Drosophila cell death gene, reaper, Drosophila entered
the cell death field previously dominated by mammalian
and C. elegans research (White et al., 1994). As reaper,and the related genes hid (Flybase: Wrinkled) and grim
encoded novel proteins (Chen et al., 1996; Grether et al.,
1995), Drosophila was initially considered an outlier in
terms of the evolutionary conservation of cell death
pathways. The discovery of Drosophila caspases, highly
homologous to their mammalian counterparts, brought
Drosophila into the mainstream of cell death research
(Fraser and Evan, 1997; Song et al., 1997). In addition to
seven caspases, Drosophila possesses four homologs of
mammalian IAPs (inhibitor of apoptosis proteins that
function as caspase inhibitors), two Bcl-2 family proteins,
and single homologs of Apaf-1, p53, TNF, and TNF-R
(Igaki et al., 2002; Kanda et al., 2002; Moreno et al., 2002;
reviewed in Richardson and Kumar, 2002). Mammalian
functional homologs of reaper have now been identified
(Smac/Diablo and HTRA2/Omi), and this family of
proteins has been shown to function by binding to IAPs
and blocking their caspase inhibitory function (reviewed in
Bergmann et al., 2003; Salvesen and Abrams, 2004;
Schreader and Nambu, 2004).
A bgas and brakeQ cell death model has begun to emerge
in Drosophila, based primarily on studies in the fly embryo,
eye, and cultured cells (Fig. 1C; Rodriguez et al., 2002;
Salvesen and Abrams, 2004). The gas is the Apaf-1/Ced-4
ortholog Dark (Flybase: Ark), which promotes caspase
activity (Kanuka et al., 1999; Rodriguez et al., 2002; Zhou
et al., 1999). The brake is Diap1 (Flybase: Thread), which
can inhibit caspases by direct binding, in addition to
functioning as an E3 ubiquitin ligase, targeting caspases
for ubiquitination and degradation (Chai et al., 2003; Ditzel
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Expression of IAP-binding proteins, such as Reaper, Hid
or Grim, results in the auto-ubiquitination of Diap1 and/or
its displacement from caspases (Chai et al., 2003; Ryoo et
al., 2002). In the embryo, caspase inhibition by Diap1 is
critical, and diap1 null embryos die from massive apoptosis
(Goyal et al., 2000; Lisi et al., 2000; Wang et al., 1999).
This apoptosis is dependent on Dark, as cell death is
inhibited in dark; diap1 double mutants (Rodriguez et al.,
2002). Thus, in Drosophila embryos, the bgasQ (or Dark)
appears to be always on and activating caspases, unlike
mammals where Apaf-1 activation of caspases is dependent
on cytochrome c release from mitochondria. The role of
cytochrome c is unclear in Drosophila, with most reports
suggesting that it is not released from mitochondria
(Dorstyn et al., 2002; Kanuka et al., 1999; Varkey et al.,
1999; Zimmerman et al., 2002), although it is capable of
binding Dark (Kanuka et al., 1999; Rodriguez et al., 1999).
Depletion of cytochrome c from Drosophila SL2 cells does
not affect the induction of apoptosis in response to diverse
stimuli, suggesting it may not be required for apoptotic
signaling in Drosophila (Zimmerman et al., 2002). How-
ever, a specific conformation of cytochrome c is revealed
during apoptosis in the fly ovary and in SL2 cells (Varkey et
al., 1999), and several apoptotic proteins localize to
mitochondria (Claveria et al., 2002; Haining et al., 1999;
Olson et al., 2003; Zimmerman et al., 2002), suggesting
there may be a role for mitochondria in Drosophila
apoptosis.
As in C. elegans and mammals, the final effectors of
the Drosophila cell death pathway are caspases. Based on
their predicted structure and sequence homology, two of
the seven Drosophila caspases are in the initiator class
(Dronc and Dredd), four are in the effector class (Dcp-1,
Drice, Decay, and Damm), and one (Strica) has not been
clearly classified (reviewed in Richardson and Kumar,
2002; Salvesen and Abrams, 2004). The initiator caspase
Dredd bears structural homology to caspase-8, and dredd
mutants can suppress apoptosis caused by overexpression
of reaper and grim (Chen et al., 1998). Additionally,
dredd is essential for innate immunity due to a requirement
for proteolysis of Relish, a member of the NfkB family
that stimulates antibacterial peptide expression (Leulier et
al., 2000; Stoven et al., 2003). The initiator caspase Dronc
(Flybase: Nc) is structurally and functionally homologous
to mammalian caspase-9, and knockdown of Dronc
activity, via RNAi or expression of dominant-negative
mutant forms, has shown a role for Dronc in apoptosis
during embryogenesis and eye development (Quinn et al.,
2000; Yu et al., 2002). Dronc physically associates with
Dark and Diap1, and its activity stimulates proteolytic
activation of the effector caspase Drice (Hawkins et al.,
2000; Meier et al., 2000; Muro et al., 2002; Quinn et al.,
2000; Yu et al., 2002). While this cohesive pathway has
been established in the embryo and the eye, it is unknown
if the same mechanism is utilized in other tissues.Furthermore, little is known about the developmental roles
of the Bcl-2 family proteins, other caspases, and the TNF
system in Drosophila.Development of the Drosophila ovary
Each adult ovary consists of 15 to 20 parallel ovarioles,
which contain a series of developing follicles or egg
chambers (reviewed in King, 1970; Spradling, 1993). Egg
chambers originate at the anterior end of each ovariole in a
specialized region termed the germarium (Fig. 2A). Germ-
line stem cells housed at the tip of the germarium generate
cells called cystoblasts, which undergo four rounds of
mitosis to form 16-cell cysts. These cyst cells undergo
incomplete cytokinesis and remain connected through
intercellular bridges called ring canals. One of the cells in
each cyst is specified to become the oocyte and initiates
meiosis. The remaining 15 germ cells differentiate as nurse
cells, large polyploid cells that synthesize RNA, proteins,
and organelles destined for the oocyte. As the germline cyst
progresses through the germarium, it becomes surrounded
by a layer of somatic follicle cells to form the complete egg
chamber (Fig. 2A). Individual egg chambers move out of
the germarium and progress through 14 defined stages
(King, 1970), remaining connected to each other by short
stalks of follicle cells. The oocyte and nurse cells remain
similar in size until stage 8, at which point the oocyte begins
to increase significantly in volume with the onset of
vitellogenesis (yolk protein synthesis and uptake; Fig.
2B). Towards the end of oogenesis, the nurse cells expel
their cytoplasmic contents into the oocyte via the ring
canals, a process commonly called bdumpingQ (Fig. 2C).
After this stage, the nurse cell nuclei exhibit condensed
chromatin and fragmented DNA typical of apoptotic cells
(Cavaliere et al., 1998; Foley and Cooley, 1998; McCall and
Steller, 1998), and the nurse cell remnants are engulfed by
the follicle cells (Cummings and King, 1970; Nezis et al.,
2000). The follicle cells synthesize and secrete proteins to
generate the vitelline membrane and chorion that surround
the fully developed oocyte. Finally, at the completion of
oogenesis, the follicle cells show signs of apoptosis and are
reported to be engulfed by the epithelial cells of the oviducts
(Nezis et al., 2002). At this point, an inseminated female in
favorable environmental conditions will pass eggs through
the oviducts into the uterus, where the eggs undergo
activation, complete meiosis, and are fertilized (reviewed
in Bloch Qazi et al., 2003).Cell death checkpoints in the ovary
In addition to the developmental programmed cell death
of nurse cells that occurs late in oogenesis (discussed in
more detail below), entire egg chambers can be induced to
die in response to poor nutrition or other insults. Degener-
Fig. 2. Stages of Drosophila oogenesis and events of programmed cell death. (A–C) Egg chambers stained with propidum iodide to label DNA. (A) Anterior
portion of an ovariole showing the early stages of oogenesis, from the germarium (G) through stage 6. Nurse cells (NC) and follicle cells (FC) are indicated. (B) A
stage 10 egg chamber. The follicle cells have migrated over the large oocyte (O). (C) Stage 13 egg chamber after dumping lacks nurse cell cytoplasm, and only a
few nurse cell nuclei remain. A chorionic dorsal appendage (DA) is labeled. (D–E) Germaria from nutrient-deprived flies stained with TUNEL (green) to label
dying cells and monoclonal antibody 1B1 (red) to label the fusome and cell membranes. Apoptosis is seen in region 2 of the germarium (arrowheads). (F–G) Egg
chambers stained with Oligreen (DNA) and rhodamine–phalloidin which labels filamentous actin. (F) Egg chambers dying during stage 8 (arrows) show a
disappearance of actin. (G) Nurse cells during rapid cytoplasm transport show actin bundles in the cytoplasm (arrow). Images in A– C were kindly provided by J.
Peterson; images in D and E were reproduced with permission from Drummond-Barbosa and Spradling (2001), and images in F and G were reproduced with
permission from Peterson et al. (2003).
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Drosophila females, first reported by Giorgi and Deri
(1976). A diet lacking in protein leads to the degeneration
of egg chambers at two specific stages, stage 8 during mid-
oogenesis (see below) and region 2 within the germarium
(Drummond-Barbosa and Spradling, 2001). It has been
suggested that these dying egg chambers are responding to a
checkpoint, where the status of egg chambers and/or the
environment is monitored before investing energy into egg
production (Buszczak and Cooley, 2000; Drummond-
Barbosa and Spradling, 2001).
Germarium checkpoint
Cell death of germline cyst cells has been detected within
the germarium predominantly in region 2, the position where
germline cysts are normally surrounded by follicle cells
(Figs. 2D, E; Drummond-Barbosa and Spradling, 2001).
Drummond-Barbosa and Spradling found that 70% of flies
raised on a poor food source showed degenerating germline
cysts within the germaria, whereas only 2% of flies raised on
a rich food source (supplemented with yeast paste) showed
this stage-specific degeneration. These degenerating cysts
within germaria stain positively for two apoptotic markers,
the vital dye acridine orange and TUNEL, which detects the
free ends of fragmented DNA seen in apoptotic cells
(Drummond-Barbosa and Spradling, 2001; Smith et al.,2002). Drummond-Barbosa and Spradling have suggested
that this germline apoptosis may function to maintain the
proper ratio of germline cells to follicle cells. As somatic
follicle cells slow down their proliferation rates more
significantly than germline cells in response to poor nutrition
(Drummond-Barbosa and Spradling, 2001), large numbers
of germline cells may die to compensate for the inadequate
number of follicle cells.
The only known regulator of this germarium checkpoint
is the helix–loop–helix transcription factor, Daughterless
(Da; Smith et al., 2002). Da was originally identified on the
basis of its role in sex determination but has subsequently
been shown to be involved in several developmental
processes including neurogenesis and myogenesis (Smith
et al., 2002). Females carrying loss-of-function female-
sterile alleles of da produce egg chambers with too many
nurse cells and a lack of follicular stalk cells. These
phenotypes can be explained by an alteration in the ratio
of follicle cells to germline cells, possibly because of a
reduction in germline cell death within the germarium.
Indeed, Smith et al. found that wild-type flies raised on
standard fly food (but no yeast paste) showed apoptosis in
50–70% of germaria, whereas da mutants showed only 5–
12% apoptotic germaria. Da protein is not detectable in the
germline (Cummings and Cronmiller, 1994), suggesting that
da is likely to mediate this effect by activating death signals
from the follicle cells. These signals from the follicle cells,
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germline, are currently unknown.
Mid-oogenesis checkpoint
Cell death in mid-oogenesis (stages 7–8) occurs in
response to diverse stimuli. Flies fed a sugar–water diet
lacking in protein show a decrease in egg production (Sang
and King, 1961), accompanied by dying midstage egg
chambers (Drummond-Barbosa and Spradling, 2001).
Abnormal egg chamber development or exposure to cyto-
toxic chemicals also triggers the death of entire egg chambers
in mid-oogenesis (Chao and Nagoshi, 1999; De Lorenzo et
al., 1999; Nezis et al., 2000). Proper egg production requires
appropriate day length and temperature, as well as mating,
specifically the transfer of the male sex peptide to females
(Chapman et al., 2003; Liu and Kubli, 2003). However, it has
not been determined if these latter factors act by regulating
egg chamber degeneration or cell proliferation within the
ovary.
Egg chambers that die during mid-oogenesis display a
similar morphology independent of the stimulus (Chao and
Nagoshi, 1999; De Lorenzo et al., 1999; Nezis et al., 2000;
Peterson et al., 2003). Typically, the nurse cells are the first
cells to show signs of degeneration, resembling apoptotic
cells (Fig. 2F). The nurse cell nuclei become lobed in
appearance and stain positively for TUNEL (Chao and
Nagoshi, 1999; De Lorenzo et al., 1999; Nezis et al., 2000;
Peterson et al., 2003). Filamentous actin forms clumps and
disappears (Fig. 2F; Chao and Nagoshi, 1999; De LorenzoFig. 3. Proposed pathways of programmed cell death during (A) mid-oogenesis a
function in the germline. Genes in green have been shown to affect cell death in th
have been shown to be specifically expressed during cell death in the ovary, but th
by question marks; jafrac2 and sickle encode IAP-binding proteins not found in th
in these pathways. See text for further details.et al., 1999; Nezis et al., 2000; Peterson et al., 2003).
Transmission electron microscopy of dying egg chambers
has revealed that the dense nurse cell debris is ultimately
engulfed by surrounding follicle cells (Giorgi and Deri,
1976).
Progression past the mid-oogenesis checkpoint is thought
to require proper levels of the steroid hormone ecdysone
(Fig. 3A). Ovarian ecdysteroid levels decrease in response
to nutrient deprivation (Bownes, 1989; Schwartz et al.,
1985), although paradoxically whole animal ecdysteroid
levels have been shown to increase under these conditions
(Bownes, 1989). Ovarian ecdysteroid levels also decrease
during diapause induced by low temperatures, which is
associated with egg chamber arrest before vitellogenesis
(Richard et al., 1998). Injection of the biologically active
ecdysteroid 20-hydroxyecdysone (20E) into diapausing
females led to an increase in vitellogenic oocytes, indicating
that ecdysteroid synthesis was required to pass the mid-
oogenesis checkpoint (Richard et al., 1998, 2001). However,
injection of 20E into virgin females caused apoptosis of
stage 9 egg chambers, and this apoptosis could be inhibited
by coapplication of juvenile hormone (JH) (Bownes, 1989).
These inconsistent findings may reflect differences in
culturing or experimental conditions, or the unresolved
complexities of ecdysone and juvenile hormone signaling.
Juvenile hormone (JH) may be the ligand for Ultraspiracle
(Jones and Sharp, 1997), the heterodimeric binding partner
for the ecdysone receptor (EcR), and JH may modulate the
transcriptional activity of EcR (Henrich et al., 2003; Maki et
al., 2004). Thus, the ultimate outcome of ecdysone signalingnd (B) late oogenesis in Drosophila. Genes in purple have been shown to
e ovary, but expression or function may not be in the germline. Genes in red
eir function has not been addressed. Hypothetical relationships are indicated
e H99 region (reviewed in Bergmann et al., 2003) and thus might play a role
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of the ligands, the two receptors and their multiple isoforms,
other nuclear receptors, and associated cofactors. The
insulin signaling pathway may act upstream of ecdysone
production in the ovary, as insulinlike receptor mutants
show reduced levels of ecdysteroids and mutants of chico,
the insulin receptor substrate homolog, fail to produce
vitellogenic egg chambers (Drummond-Barbosa and Spra-
dling, 2001; Tu et al., 2002).
The site of ecdysteroid synthesis within the ovary is not
yet established. The steroidogenic enzyme Dare, which
encodes adrenodoxin reductase, shows expression restricted
to the nurse cells (Buszczak et al., 1999; Freeman et al.,
1999). Additionally, dare germline clones fail to reach
vitellogenic stages, indicating a germline requirement for
this enzyme (Buszczak et al., 1999). However, two
steroidogenic P450 enzymes are expressed in both follicle
cells and nurse cells, and one P450 is detected only within
the follicle cells (Chavez et al., 2000; Petryk et al., 2003;
Warren et al., 2002). These expression data are incompatible
with the existing model that Dare is the only enzyme that
provides electrons for mitochondrial P450s (Freeman et al.,
1999). Possible explanations are that the in situ hybrid-
ization technique may not be sensitive enough to detect low
levels of expression of these enzymes, Dare may function in
other pathways, and/or additional enzymes may act as
electron donors for P450s. These findings also suggest that
precursors to 20E may shuttle between nurse cells and
follicle cells. Indeed, in the Drosophila larva, ecdysone is
synthesized in the ring gland, but final conversion to 20E by
the P450 enzyme 20-hydroxylase occurs in peripheral
tissues (Petryk et al., 2003; Warren et al., 2002). Interest-
ingly, mesodermal expression of shade, which encodes 20-
hydroxylase, is sufficient to rescue the viability but not the
female fertility of shade mutants. These partially rescued
flies show degeneration of egg chambers in mid-oogenesis,
suggesting that conversion to 20E may need to take place
locally in the ovary (Petryk et al., 2003; Warren et al.,
2002).
The ecdysone response pathway, however, is clearly
required within the germline for survival until late oogen-
esis, suggesting a possible autocrine mechanism of action
for ecdysone (Buszczak et al., 1999). Flies carrying
homozygous mutant germline clones of either ecdysone
receptor or its target gene E75 produce egg chambers that
degenerate in mid-oogenesis (Buszczak et al., 1999; Carney
and Bender, 2000). Expression of EcR is found in both
nurse cells and follicle cells throughout all stages of
oogenesis, but expression of its target genes, E74, E75,
and BR-C, is enhanced in mid-oogenesis (Buszczak et al.,
1999). These findings suggest that competence to respond to
ecdysone or availability of the hormone is regulated in a
stage-specific manner, leading to an increase in the tran-
scriptional activity of EcR in mid-oogenesis.
What acts downstream of the ecdysone hierarchy to carry
out cell death in mid-oogenesis? One essential player in thegermline is the effector caspase Dcp-1 (Laundrie et al.,
2003). Nutrient-deprived flies carrying either a loss-of-
function mutation in dcp-1 or a transgene overexpressing
the caspase inhibitor Diap1 (Peterson et al., 2003) display
egg chambers that appear to initiate the cell death process,
and follicle cells disappear. However, the germline cells fail
to die, and large numbers of abnormal egg chambers
accumulate in the ovaries, with intact nurse cells but a
depletion of follicle cells. Another effector caspase, Drice, is
activated to high levels throughout dying wild-type egg
chambers from nutrient-deprived flies, as detected by
antibodies that recognize the activated form of Drice
(Laundrie et al., 2003; Peterson et al., 2003). In dcp-1
mutants, Drice activity is reduced and limited to nurse cell
nuclei, suggesting that Dcp-1 is required to activate Drice in
the cytoplasm or is required for the cleavage of nuclear
proteins to allow Drice to exit the nucleus (Laundrie et al.,
2003). Both models are plausible, as Dcp-1 has been shown
to cleave both Drice and nuclear lamins in vitro (Song et al.,
2000), and effector caspases are required for cleavage of
other caspases in some types of mammalian apoptosis (Yang
et al., 1998). Diap1 acts normally to protect cells in mid-
oogenesis, as hypomorphic alleles lead to degeneration in
mid-oogenesis (Rodriguez et al., 2002). As in embryo-
genesis, this phenotype is suppressed by mutations in dark,
suggesting that dark may normally regulate cell death in
mid-oogenesis (Rodriguez et al., 2002). However, it is not
yet clear if the dark and diap1 regulation of cell death
occurs directly in the germline, or if these mutations affect
follicle cells which in turn communicate a death or survival
signal to the underlying germline. Surprisingly, the well-
characterized activators, reaper, hid, and grim, are not
required in the germline for cell death in mid-oogenesis, as
nutrient-deprived females carrying H99 germline clones
produce midstage degenerating egg chambers that are
indistinguishable from those observed in wild-type flies (J.
Peterson and KM, unpublished). Mutations in the kinase
gene mos result in excessive cell death during mid-
oogenesis, suggesting that it normally promotes survival,
perhaps through MAPK signaling (Ivanovska et al., 2004),
but it is not known where MAPK regulates this cell death
pathway. Interestingly, mos also promotes survival in
Xenopus eggs, suggesting that this function could be
evolutionarily conserved (Tashker et al., 2002). The
molecules acting in the Drosophila mid-oogenesis pathway
between ecdysone signaling and Dcp-1 are still unknown
(Fig. 3A).Programmed cell death of nurse cells
The developmental programmed cell death of nurse cells
in late oogenesis shows distinct differences compared to cell
death in mid-oogenesis. The process of nurse cell death
initiates before nurse cell cytoplasm dumping, with cyto-
plasmic and nuclear changes in nurse cells apparent by late
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stretching from the plasma membrane to the nuclear
envelope, and persisting until the nurse cell nuclei disappear
(Fig. 2G; Gutzeit, 1986). These actin bundles are not
observed in egg chambers dying in mid-oogenesis and are
not typical of apoptotic cells in general (Bursch et al., 2000;
Chao and Nagoshi, 1999; De Lorenzo et al., 1999; Nezis et
al., 2000; Peterson et al., 2003). Coincident with actin
bundle formation, the nurse cell nuclei begin to break down
and resemble apoptotic nuclei. They lose nuclear lamin
staining, show gaps in the nuclear envelope, and become
permeable, allowing nuclear proteins and free calcium to
diffuse into the cytoplasm (Cooley et al., 1992; Matova et
al., 1999; McCall and Steller, 1998; Okada and Waddington,
1959; Smith and Fisher, 1989). The nuclear changes are not
dependent on actin bundle formation, as mutants in several
cytoskeletal proteins, including profilin, fascin, and villin,
disrupt actin bundle formation but not the nuclear events
(reviewed in Hudson and Cooley, 2002; Cooley et al.,
1992). Shortly after actin bundle formation, the nurse cells
dump their cytoplasm into the oocyte, a process that requires
both actin and myosin (reviewed in Hudson and Cooley,
2002). The nurse cell nuclei remain excluded from the
oocyte during active transport and subsequently become
acridine orange and TUNEL-positive, indicating that their
DNA is fragmented (Cavaliere et al., 1998; Foley and
Cooley, 1998; McCall and Steller, 1998). It remains unclear
if the cytoskeletal events are part of the nurse cell death
process or are simply occurring simultaneously. Previously,
it was reported that mutations in the caspase gene dcp-1 led
to a bdumplessQ phenotype (McCall and Steller, 1998),
linking apoptosis to the concurrent cytoskeletal events;
however, more recently, this phenotype has been attributed
to the neighboring gene pita, which encodes a Zn finger
protein (Laundrie et al., 2003). Thus, nurse cell death is
accompanied by several cellular events not seen in mid-
oogenesis or in other apoptotic cells: the formation of actin
bundles in the nurse cells, the dumping of nurse cell
cytoplasm into the oocyte, and importantly, the survival of
the oocyte while its connected sister cells are dying.
How the nurse cells are eliminated while the oocyte is
protected remains a mystery; however, several findings
indicate that nurse cell death is distinctly different from
programmed cell death in other tissues. First, nurse cell
death is not dependent on reaper, hid, or grim, unlike the
vast majority of cell deaths that occur during Drosophila
development (Foley and Cooley, 1998). Second, over-
expression of Diap1 does not inhibit nurse cell death,
although it can block cell death in mid-oogenesis, suggest-
ing that nurse cell death could be caspase-independent
(Peterson et al., 2003). Consistent with this, mutations in
dcp-1 do not block late nurse cell death (Laundrie et al.,
2003), and Drice activity is at significantly lower levels than
in cell death during mid-oogenesis (Peterson et al., 2003).
However, there is some evidence that caspases may indeed
play a role in late oogenesis. Mutations in kep1, whichencodes an RNA binding protein, show a bsmall eggQ
phenotype, indicative of defective nurse cell dumping (Di
Fruscio et al., 2003). Extracts from kep1 mutants show
reduced caspase-8 (IETDase) activity, suggesting that kep1
regulates caspase mRNAs (Fig. 3B). Indeed, kep1 binds to
the dredd mRNA and regulates its alternative splicing.
However, dredd mutants have normal eggs and still have
residual IETDase activity, suggesting that kep1 may regulate
other caspases as well. Final determination of caspase
involvement awaits the generation of mutations in the five
other Drosophila caspases and possibly the generation of
double and triple mutants. Interestingly, nurse cells dying in
late oogenesis reveal the conformational change in cyto-
chrome c associated with apoptosis, suggesting that
mitochondrial signaling may be important during nurse cell
death (Fig. 3B; Rodriguez et al., 2002). This apoptogenic
form of cytochrome c is not detected during cell death in
mid-oogenesis, again pointing to the differences between
these two types of cell death (Peterson et al., 2003).
The upstream signals and regulators of nurse cell death
are unknown. Mutations in saxophone, a gene encoding a
TGF-h receptor, and subunits of the cell cycle regulator
E2F, show defects in dumping and nurse cell death
(Myster et al., 2000; Royzman et al., 2002; Twombly et
al., 1996). However, the E2F mutants also have abnormal
nuclear organization earlier in oogenesis, suggesting that
the effects on nurse cell death may be indirect. A similar
phenotype is seen in mutants of pita, which encodes a Zn
finger protein likely to be involved in ecdysone signaling
(Laundrie et al., 2003). Indeed, injection of ecdysone in
virgin females was shown to lead to premature nurse cell
death, suggesting that ecdysone may normally act to
promote nurse cell death (Soller et al., 1999). Mutations
in the midway gene, which encodes an acyl coenzyme A,
diacyglyercol acyltransferase, result in premature actin
bundle formation and egg chamber degeneration, indicating
that lipid composition may influence the timing of nurse
cell death (Buszczak et al., 2002). A recently described
mutant, spinster, has egg chambers with normal nurse cell
dumping but persisting nurse cell nuclei (Nakano et al.,
2001), indicating that the processes of dumping and nurse
cell nuclear breakdown can be separated. Intriguingly, the
Spinster protein has been shown to have homology to Bcl-
2 family proteins (Yanagisawa et al., 2003). Thus, there are
a number of potential players in nurse cell death, but much
left to be figured out.
The death of Drosophila salivary glands during pupal
metamorphosis (reviewed in Baehrecke, 2003) has many
similarities to nurse cell death and may provide insight into
understanding the molecular mechanisms. Like nurse cells,
salivary gland cells are large and polyploid, and the entire
cluster dies simultaneously. Furthermore, salivary gland cell
death is triggered by ecdysone. Salivary gland cell death has
been shown to occur by autophagy, a form of cell death
utilizing some of the same proteins as apoptosis but also
involving autophagic vacuoles to carry out self-digestion
K. McCall / Developmental Biology 274 (2004) 3–1410(Baehrecke, 2003; Martin and Baehrecke, 2004). Interest-
ingly, autophagic vacuoles have been reported in nurse cells
(Witkus et al., 1980), suggesting that there may indeed be
similarities between the cell death processes in these two
cell types. Confirmation of autophagic characteristics in
nurse cell death will require further ultrastructural analysis
and characterization of the nurse cell vacuoles. Recently,
however, salivary gland death has been shown to require the
H99 gene hid (Yin and Thummel, 2004), so there are still
distinct differences between programmed cell death in the
salivary gland and the ovary.Evolutionary considerations
Germline cell death is likely to occur in most, if not all,
animals (reviewed in Matova and Cooley, 2001). It is
common in other insects, reported in other flies, bees, and
the yellow fever mosquito, Aedes aegypti (Boleli et al.,
1999; Clements and Boocock, 1984; Nezis et al., 2001,
2003). As in Drosophila, insulin signaling promotes
ecdysteroidogenesis in the mosquito (Riehle and Brown,
1999), and egg production is tightly regulated by nutrition.
Vitellogenesis does not proceed unless mosquitoes receive a
blood meal (Clements and Boocock, 1984). Following a
blood meal, ecdysone levels surge, leading to an increase in
yolk production and the production of mature oocytes
(reviewed in Raikhel et al., 2002). Mosquito homologs of
the Drosophila ecdysone response genes E74 and E75 are
both induced in the ovary in response to a blood meal,
suggesting that ecdysone may act directly on the ovary as it
appears to in Drosophila (Sun et al., 2002).
In addition to insects, many animals have germline cells
that resemble nurse cells in structure and in function. In the
nematode C. elegans, oocytes develop in a syncytium, with
half of all nuclei dying under normal conditions (Gumienny
et al., 1999). The surviving oocyte nuclei later cellularize,
taking up the cytoplasmic material generated by the dying
oocyte nuclei. This form of cell death is under the control of
the well-characterized cell death genes, ced-3 and ced-4, but
it is not regulated by the Bcl-2 family protein Egl-1, which
controls all somatic cell deaths (Gumienny et al., 1999).
This situation is remarkably similar to the H99-independent
regulation of germline cell death found in flies. Germline
cells are the only cells in C. elegans that undergo apoptosis
in response to ionizing radiation (Stergiou and Hengartner,
2004), but unlike physiological germline cell death, these
germline cell deaths are regulated by Egl-1. These and other
findings indicate that distinct genetic hierarchies regulate
these two different types of cell death, again paralleling the
situation in Drosophila.
In Hydra, a member of the primitive phylum Cnidaria,
female germ cells differentiate into one oocyte and
thousands of nurse cells (Miller et al., 2000; Technau et
al., 2003). The nurse cells are ultimately phagocytosed by
the growing oocyte and may remain intact within the oocyteand developing embryo for up to a year. As the nurse cells
are engulfed by the oocyte, they show signs of apoptosis
and stain positively for acridine orange (Miller et al., 2000).
Interestingly, the application of caspase inhibitors early in
oogenesis blocks the engulfment of nurse cells and the
differentiation of oocytes, indicating that the initiation of
nurse cell apoptosis is an obligatory step in Hydra oogenesis
(Technau et al., 2003). Engulfment of nurse cells by the
oocyte has also been reported in other cnidarian species, as
well as in the more primitive phylum Porifera (Fell, 1969;
Harrison and De Vos, 1991; Tardent, 1985).
In vertebrates, connected germline cyst cells have been
reported in both developing testes and ovaries (reviewed in
Pepling et al., 1999). In the fetal mouse, mitochondria have
been observed in the intercellular bridges connecting
oogonia, suggesting that cytoplasmic transfer occurs
between these cells (Pepling and Spradling, 1998). Many
of the smaller cyst cells undergo apoptosis as the cysts break
down into primordial follicles, suggesting that the dying
cells function as nurse cells (Pepling and Spradling, 2001).
However, cysts within the developing Xenopus ovary did
not show significant apoptosis (Kloc et al., 2004), indicating
that cyst formation in oogenesis may not always be
associated with apoptosis. The association of germline cysts
and apoptosis in most of these organisms is intriguing and
suggests that the sharing of cytoplasmic components may
play an important, evolutionarily conserved role in germline
development.
Apoptosis also plays an important role in limiting the
number of eggs produced in many animals. By the time a
female mammal is born, only two thirds of her original
oocytes survive (Tilly, 2001). It had long been believed that
the remaining oocytes were arrested in meiosis, and addi-
tional oocytes could not be formed, thus limiting the
reproductive potential of the female. A recent report
contradicts those views, providing evidence for germline
stem cells in female mice that are capable of producing new
oocytes throughout the mouse reproductive life span
(Johnson et al., 2004). These findings suggest that mouse,
and perhaps human, ovaries may be more analogous to fly
ovaries than originally thought. Despite the possible
existence of these stem cells, later in mammalian or avian
life, most oocytes continue to die through bfollicular
atresia,Q the first type of ovarian cell death seen by
Flemming (reviewed in Johnson, 2003; Reynaud and
Driancourt, 2000; Tilly, 2001). This type of cell death is
strikingly reminiscent of cell death in mid-oogenesis in
Drosophila, where the entire follicle is lost, including the
oocyte and supporting somatic cells. Furthermore, the death
of mammalian follicles has been shown to increase in
response to some of the same factors that enhance cell death
in fly egg chambers, such as increased female age or
chemical exposure (Tilly, 2001). Thus, in both mammals
and flies, apoptosis may function as a selective mechanism
to limit the number of eggs, particularly under poor
developmental or environmental conditions.
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We have just begun to understand the molecular events
of programmed cell death in the fly ovary, and several key
questions remain unanswered. The well-characterized apop-
totic activators reaper, hid, and grim are not required for
programmed cell death in mid-oogenesis or nurse cell death
in late oogenesis. Other IAP-binding molecules exist in the
fly (Christich et al., 2002; Srinivasula et al., 2002; Tenev et
al., 2002; Wing et al., 2002), but their possible roles in
ovarian cell death have yet to be described. Additionally,
ovarian functions for the Drosophila Bcl-2 family members
have not been investigated. The roles of caspases in the
ovary still remain to be sorted out. The mid-oogenesis cell
death pathway has a strict requirement for the caspase Dcp-
1, although Dcp-1 is nonessential for most other cell deaths
in the fly. This suggests an unusual, nonredundant mech-
anism acting in mid-oogenesis. It is unclear if caspases are
required in late oogenesis and which initiator caspases act
upstream of Dcp-1 in mid-oogenesis. Once additional
caspase mutants become available, their ovarian phenotypes
can be examined, and double and triple mutants may be
necessary to rule out redundant functions.
The genes involved in the upstream signaling pathways,
the communication of death signals between the follicle
cells and the germline, and the engulfment process still need
to be defined. Investigation of signaling pathways known to
interface with the cell death machinery in other tissues may
provide insight into the genes acting in oogenesis to drive
programmed cell death. Finally, the superb genetic tools
available in Drosophila should reveal the molecular players
required for the diverse cell death pathways that act in the
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